Malaria is the most prevalent vector-borne disease and a major cause of morbidity and mortality ([@CIT0001]). The northeastern states of India are endemic to malaria and its transmission is perennial. The state of Assam in northeastern India with 2.6% of the national population contributes more than 5% of the total malaria cases in the country annually. The state is highly receptive to malaria transmission because of heavy rainfall, high humidity, and warmer climate for most of the year. *Plasmodium falciparum* accounts for \>60% of cases, whereas the rest are attributed to *P. vivax* ([@CIT0002]). The interstate border areas in the region are prone to high incidence of malaria due to poor socioeconomic conditions and frequent movement of people through forested areas. In recent years, deforestation along the border areas has led to ecological changes affecting the behavior of malaria vectors and the pattern of disease transmission ([@CIT0003], [@CIT0004]). Perennial transmission of malaria in Assam is attributed to the activity of efficient vectors such as *Anopheles minimus* (perennial species), *A. dirus* (monsoon species) and *A. fluviatilis* (winter species).

Asymptomatic parasitemia, which refers to the presence of malaria parasites in the blood with no symptoms, provides a reservoir for transmission and may be a precursor to symptomatic malaria. Although asymptomatic parasitemia has been detected in the population, its seasonal prevalence and role in persistent malaria transmission are not well understood in the region. Malaria transmission dynamics and distribution in the region are largely dependent on a broad spectrum of biotic and abiotic factors, mainly temperature, relative humidity (RH), and rainfall ([@CIT0005], [@CIT0006]). Weather affects malaria incidence through its effects on vector population dynamics and development of the malaria parasite inside the vector mosquito ([@CIT0007], [@CIT0008]). Climate has been regarded as a major driving force in malaria transmission; hence, climate variables could be used for predicting and early warning of malaria epidemics ([@CIT0008], [@CIT0009]).

The present study was carried out to investigate the prevalence of asymptomatic malaria parasitemia and its role in persistent transmission along the Assam--Arunachal Pradesh border area. Malaria incidences in the study area were correlated with the weather factors.

Methods {#S0002}
=======

Study area {#S0002-S20001}
----------

The study was carried out in three villages, namely Bengenajuli, Sapairaumari Pathar, and Nigam in Sonitpur district (92° 20′ E--93° 45′ E and 26° 20′ N--27° 05′ N) near the Assam--Arunachal Pradesh border 2004--2005. The villages were surrounded by dense forests and had a total human population of about 10,383 individuals. The study period was grouped into pre-monsoon (March--May), monsoon (June--August), post-monsoon (September--November), and winter (December--February) seasons.

Epidemiological studies {#S0002-S20002}
-----------------------

Blood smears were collected on a monthly basis during March 2004--February 2005 separately from persons having fever or other symptoms of malaria, as well as from persons having no symptoms of malaria. A total of 4,300 and 7,699 blood smears were collected from persons with and without malaria symptoms, respectively. Blood smears were stained with Giemsa for microscopical examination for malaria parasitemia. Epidemiological indices, namely slide positivity rate (SPR), slide *falciparum* rate (S*f*R), *P. falciparum* percent (*Pf*%), annual blood examination rate (ABER), and annual parasitic index (API) were calculated separately for symptomatic and asymptomatic malaria parasitemia. The participants were informed about the study and consent was obtained.

Entomological studies {#S0002-S20003}
---------------------

Monthly collection of adult mosquitoes was carried out in houses using battery-operated CDC miniature light traps during 1800--0600 hours. The collected mosquitoes were identified using standard keys and per-trap night densities of known vectors were estimated ([@CIT0010], [@CIT0011]).

Meteorological data {#S0002-S20004}
-------------------

The data on monthly mean maximum (*T* ~max~) and minimum temperature (*T* ~min~), monthly mean RH, and monthly total rainfall (RF) were obtained from the North Eastern Regional Institute of Water and Land Management (NERIWALM), Tezpur, Assam.

Data analysis {#S0002-S20005}
-------------

Chi-square test was used for sex, age, and season-wise analysis of malaria incidence. The relationship between SPR and meteorological parameters was established by Pearson correlation and stepwise multiple linear regression.

Results {#S0003}
=======

The SPR for symptomatic malaria was 26.1 and the API was 108.1. The monthly parasitic index (MPI) was lowest in January (1.9) and highest in July (20.3). SPR was high during the months of June (39.1) and July (38.2), while low in March (10.6) and April (10.9). S*f*R and *Pf*% in the study area were 20.8 and 79.8, respectively. S*f*R was the lowest in March (6.6) and the highest in June (32.6) while *Pf*% ranged from 62.5 (March) to 84.1 (September). Sex-wise distribution of malaria cases ([Table 1](#T0001){ref-type="table"}) indicated that SPR was statistically higher in males (27.5) than females (24.5) (*χ* ^2^=4.8; *p*=0.03). However, the females were observed to have higher *Pf*% (82.2) than the males (77.9). The S*f*R in males and females were 21.4 and 20.1, respectively. Age-wise analysis of malaria incidence ([Table 2](#T0002){ref-type="table"}) showed that the SPR had significant variation among the age groups (*χ* ^2^=70.7; *p*\<0.001) and was found to be high in the 10--14 (33.5) and 5--9 year age groups (30.6). Low SPR was observed in the age groups of 0--11 months (15.5) and 12--23 months (17.8), whereas moderate rates of malaria incidence was recorded in \>14 year (SPR=20.9) and 2--4 year age group (SPR=24.4). SPR and S*f*R for asymptomatic malaria were 5.0 and 3.6, respectively ([Table 3](#T0003){ref-type="table"}). SPR was highest during August (5.3), while lowest in April (4.8). However, S*f*R was found to be highest in November (4.0) while lowest in March (3.3). *Pf*% ranged from 66.7 (March) to 76.0 (November). API was 36.9, while MPI ranged from 2.4 (November) to 3.6 (August). Season-wise analysis of asymptomatic malaria revealed that there was no significant change in SPR over the seasons in a year (*χ* ^2^=0.1; *p*=0.99).

###### 

Sex-wise distribution of symptomatic malaria cases in the study area

  Sex      BSE     SPR[\*](#TF0001){ref-type="table-fn"}   S*f*R   *Pf*%
  -------- ------- --------------------------------------- ------- -------
  Male     2,313   27.45                                   21.40   77.95
  Female   1,987   24.51                                   20.13   82.14
  Total    4,300   26.10                                   20.81   79.77

BSE=blood slides examined, SPR=slide positivity rate, S*f*R=slide *falciparum* rate, *Pf*%=*Plasmodium falciparum* percentage.

*χ* ^2^=4.8; *p*=0.03.

###### 

Age-wise distribution of symptomatic malaria cases in the study villages

  Age group       BSE     SPR[\*](#TF0002){ref-type="table-fn"}   S*f*R   *Pf*%
  --------------- ------- --------------------------------------- ------- -------
  0--11 months    84      15.48                                   11.90   76.92
  12--23 months   118     17.80                                   13.56   76.19
  2--4 years      434     24.42                                   20.05   82.08
  5--9 years      1,009   30.62                                   25.77   84.14
  10--14 years    935     33.48                                   27.70   82.75
  \>14 years      1,720   20.93                                   15.29   73.06
  Total           4,300   26.10                                   20.81   79.77

BSE=blood slides examined, SPR=slide positivity rate, S*f*R=slide *falciparum* rate, *Pf*%=*Plasmodium falciparum* percentage.

*χ* ^2^=70.7; *p*\<0.001.

###### 

Season-wise distribution of asymptomatic malaria cases in the study villages

  Season         BSE     SPR[\*](#TF0003){ref-type="table-fn"}   S*f*R   *Pf*%
  -------------- ------- --------------------------------------- ------- -------
  Pre-monsoon    2,022   4.90                                    3.46    70.71
  Monsoon        2,099   5.10                                    3.62    71.03
  Post-monsoon   1,713   4.96                                    3.74    75.29
  Winter         1,865   4.93                                    3.38    68.48
  Total          7,699   4.97                                    3.55    71.28

BSE=blood slides examined, SPR=slide positivity rate, S*f*R=slide *falciparum* rate, *Pf*%=*Plasmodium falciparum* percentage.

*χ* ^2^=0.1; *p*=0.99.

*Anopheles philippinensis/nivipes* and *A*. *annularis* were the predominant species of known malaria vectors observed in the light trap collections. The other vectors recorded were *A. minimus*, *A. culicifacies s.l., A. fluviatilis s.l., A. dirus s.l*. and *A. varuna*. The mean per-trap night density of known malaria vectors was 13.7. Vector density was high during June and August (per-trap night density=99.0), while low in February (per-trap night density=14.1). The change in symptomatic malaria incidence pattern was observed to follow the seasonal change in a known malaria vector population ([Fig. 1](#F0001){ref-type="fig"}).

![Incidence patterns of symptomatic and asymptomatic malaria in relation to known malaria vector density in the study area.](IEE-5-25442-g001){#F0001}

The meteorological data indicated that the monthly mean maximum temperature (*T* ~max~) during the study period ranged from 23.0 (January) to 36.5°C (August), while monthly mean minimum temperature (*T* ~min~) ranged from 8.0 (December) to 24.5°C (August), respectively. The range of monthly mean RH was 81.6 (February) to 90.3% (June), while the highest monthly total rainfall was recorded in July (418.6 mm). Multiple linear regression between malaria SPR and weather variables indicated that malaria incidence correlates with weather during the preceding month. Although, all four weather parameters were significantly correlated with SPR (*p\<*0.05), the total rainfall was found to have the highest correlation (*r*=0.92). The relationship between monthly total rainfall and SPR was derived as: SPR=10.58+0.06 RF (*R* ^2^=0.84) ([Fig. 2](#F0002){ref-type="fig"}). The correlation with RH (*r*=0.88) was slightly higher than that with minimum temperature (*r*=0.88). Maximum temperature was found to have least correlation with malaria incidence (*r*=0.67) and hence the regression relationship was established using rainfall, RH and minimum temperature as, SPR=−114.22+0.58 *T* ~min~+1.38 RH+0.03 RF (*R* ^2^=0.89; *p*=0.00).

![Relationship between malaria slide positivity rate (SPR) and monthly total rainfall (mm) in the study villages.](IEE-5-25442-g002){#F0002}

Discussion {#S0004}
==========

The studies on symptomatic and asymptomatic malaria patients in the selected villages along the Assam--Arunachal Pradesh border were carried out in a yearlong survey. Sex-wise analysis of symptomatic malaria indicated that the incidences of symptomatic malaria were higher among males, but the percentage of *P*. *falciparum* infections was higher in females. The earlier studies conducted in the region have also indicated higher incidence rates among males ([@CIT0012]). Children in the age group of 5--14 were found to be highly vulnerable to malaria with high *P*. *falciparum* percentage. Similar observations have also been reported in a recent study conducted in the region ([@CIT0013]). These areas are exposed to intense and constant malaria transmission all year round; hence, the population living for a long time tends to develop high levels of immunity against malaria ([@CIT0014]). In endemic areas, progressive acquisition of immunity with age is observed, which results in decreased malaria incidence with increasing age ([@CIT0015], [@CIT0016]). Studies have suggested that the time to acquire clinical immunity against malaria depends on the intensity of transmission, interventions used, and genetic diversity of malaria parasite ([@CIT0015], [@CIT0016]).

Monthly observations on asymptomatic parasitemia were carried out for the first time in this region of the country. Asymptomatic parasitemia was detected among the population throughout the year with SPR ranging from 4.8 to 5.3. The majority of asymptomatic parasitemia was due to *P*. *falciparum* (71.3%). Many studies conducted in the region suggest that *P. falciparum* has been a dominant malaria parasite while other species contribute comparatively less to the malaria episodes ([@CIT0002]--[@CIT0004], [@CIT0012], [@CIT0013]). The current study has reported some little known malaria vectors such as *A. annularis* and *A. philippinensis*/*nivipes* in high density; however, the well-established malaria vectors such as *A. minimus s.l* and *A. dirus s.l* were reported in very less numbers. These findings suggest that previously considered secondary vectors may be supporting malaria transmission. Previous studies conducted on identification of malaria vectors indicated that *A. annularis* and *A. philippinensis*/*nivipes* are most likely involved in malaria transmission in many parts of northeastern India ([@CIT0017], [@CIT0018]). *A. culicifacies* and *A. varuna* were recorded in very less density. *A. culicifacies* has been regarded a major vector of malaria in many parts of India, whereas *A. varuna* is a vector of local importance and is implicated in a few malaria endemic areas ([@CIT0019], [@CIT0020]). The periods of high vector density (June--August) corresponded to the periods of high malaria incidence (June--September).

The present results indicated that cases of asymptomatic parasitemia and vector activity were present in the study area throughout the year. Increased prevalence of asymptomatic carriers of *P*. *falciparum* has been associated with high transmission of malaria throughout the malaria endemic countries ([@CIT0021]). The asymptomatic carriers remain an infection source for vector mosquitoes for a longer period than the symptomatic carriers although the rates of infection are lower in the former ([@CIT0022]). The individuals with asymptomatic parasitemia do not seek medical attention and may become gametocyte carriers and contribute to the persistent malaria transmission ([@CIT0023]). Non-clearance of parasites from blood due to under-dosage of antimalarial drugs along with repeated infections has been found to result in the development of immunity and asymptomatic carriers ([@CIT0024]).

In addition to the abundance of vector mosquitoes and the presence of parasites, malaria transmission is affected by climate ([@CIT0025]). The development rates and survival of malaria parasites and mosquito vectors is affected by temperature, whereas rainfall affects the availability of breeding habitats. Hence, increased temperature and rainfall to an optimum level have synergistic effects on malaria incidence ([@CIT0026]). The results indicated that weather corresponding to a 1-month lag period was more correlated with SPR (*R* ^2^=0.89) than corresponding to the same month (*R* ^2^=0.82) or a 2-month lag period (*R* ^2^=0.80). Monthly rainfall was found to be the most important factor contributing to malaria incidence. This is in agreement with the studies in Dehradun (India) where rainfall and minimum temperature showed positive correlations with malaria incidence with a 1-month time lag, whereas the correlation was less with 0-, 2-, and 3-month time-lags ([@CIT0027]). In the present study, heavy rainfall (311.9 mm) received in April resulted in the doubling of SPR during April--May (10.9--24.3). Similarly, dry weather in November resulted in a reduction of SPR from 20.3 to 12.7 during November--December. A study conducted in Sri Lanka showed that malaria follows rainfall with a few months delay in which a high seasonal rainfall peak is followed by a high seasonal malaria peak ([@CIT0007]). The present results suggest that the mean temperature ranged from 17.4 to 30.5°C and the lag period following rainfall was 1 month. Furthermore, minimum temperature and RH were also found to have a significant influence on malaria incidence.

Current findings indicate that asymptomatic malaria cases are prevalent in the region and may serve as epicenters for initiation of malaria epidemics during the favorable season. In conclusion, the study emphasizes that targeted efforts are needed for diagnosis and treatment of asymptomatic malaria carriers. Indoor residual sprays need to applied and the use of bed nets impregnated with insecticide need to be popularized to reduce man--mosquito contact. Mass blood surveys to detect asymptomatic carriers should be conducted followed by treatment with proper doses of recommended antimalarial drugs.
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